Abstract: Polarization and transmission properties of metamaterial-based 3-D plasmonic structure are investigated using finite-difference time-domain (FDTD) methods. The structure is composed of metallic nanoboxes periodically placed on the SiO 2 substrate. We simulate and compare characteristics of transmission for four different metal materials (i.e., Ag, Au, Al, and Cu) in terms of the functionality of linear to circular polarization transformation. Results indicate that Al-material-based nanostructure with optimized parameters can provide the highest transmission of 39.62% around the wavelength of 550 nm.
Introduction
Surface plasmon polaritons (SPPs) are generated by the interaction between photons and conduction electrons at the metal/dielectric interface [1] - [4] . Due to the advantage that enables light transmitting at the nanoscale, SPPs have attracted considerable interest in a variety of applications, such as optical logic functionalities [5] - [7] , surface plasmon resonances (SPRs, mostly used for sensing) [8] - [12] , subwavelength waveguides [13] - [16] , plasmonic filters [17] , [18] , and so on. In particular, more attention is paid to the SPP polarization related devices that are developed with subwavelength size using nanofabrication techniques. Such devices are key components for nanoscale integration. As an example, the nanoslits-based wire-grid polarizer (WGP) has been studied as the polarization beam splitter at an oblique incident angle [19] , [20] . Based on the hybrid coupler with a long-range SPP and dielectric waveguide, a polarization splitter is designed with high extinction ratio between the transverse magnetic (TM) and the transverse electric (TE) components [21] . In addition, elliptical nanoholes and a circular subwavelength aperture, as well as metamaterial-based nanoslits, are utilized to control the polarization according to their asymmetric structures [22] , [23] . Usually, the polarization transformation and the transmission ratio of the input light are essential characteristics to evaluate the performance of proposed nanostructures [24] , where typical polarization transformation devices include polarizers (fixed output polarization with maximum transmission) and wave plates (quarter or half-wave).
In this paper, we investigate the polarization and transmission properties of an input linearly polarized light passing through a proposed 3-D plasmonic metallic structure. The structure is composed of a periodic array of metallic nanoboxes placed on the SiO 2 substrate. Both TE and TM components can be almost equally transmitted by adjusting the structural parameters of the metal boxes and the polarization azimuth angle of the input light. Therefore, we can obtain the maximum transmission with a certain amount of phase difference between two components (or s-polarization and p-polarization). To be more specific, as some applications require linear to circular polarization transformation (or quarter-wave plate) such as remote antenna or sensing [25] , we compare the transmission characteristics of such structures with a fixed phase shift (i.e., 90 ) for four different but popular coating materials (i.e., Ag, Au, Al, and Cu). Simulation results using the finite-difference time-domain (FDTD) method show that the transmission of Al nanostructure exhibits superior performance than other materials in the wavelength region around 550 nm. In other words, the plasmonic structure consisting of Al-nanoboxes is considered to be suitable for manipulating polarization of the light. Such design and functionality may find applications in radar and communication systems.
Theory and Structures
A general WGP scheme is shown in Fig. 1(a) that consists of a periodic metal nanoslits placed on the substrate [19] , [21] . When the light impinges on the metal surface, SPPs can be excited at the entrance of grooves and then enter the substrate after reaching the metallic exit. For such a configuration, the incident light with polarization parallel to the metal grating (i.e., s-polarization along the y -axis) is reflected, while the component perpendicular to the grating (i.e., p-polarization along the x -axis) is mostly transmitted; therefore, the 2-D structure is known to be a polarizer because that the s-polarized light is almost suppressed. On the other hand, the structure lacks of flexibility for polarization manipulation.
To control the polarization more efficiently, we propose a 3-D structure that enables transmission of both polarization components. The schematic diagram is shown in Fig. 1(b) . The definitions of x -and y -axes are the same as the 2-D structure, while the z-axis is along the direction of light transmission (i.e., normal to the surface of the substrate). Instead of nanoslit gratings, metallic nanoboxes are periodically placed on the SiO 2 substrate. The plane wave is incident upon the structure at an azimuth angle . SPPs can be excited at the box entrance and transmitted inside the grooves with specific waveguide modes.
As the period of the metallic nanobox array is smaller than the wavelength, the SPP propagation properties are determined by the fundamental mode, which has been investigated by Haggans [25] . The metallic grating in either dimension therefore can be regarded as one birefringence film, which can be expressed as where n 0 is the extraordinary refractive index, n m is the metallic refractive index, n e is the ordinary refractive index, n s is the refractive index of the substrate, and is the duty cycle. We can find out that the duty cycle and refractive index of the metal grating are the most significant factors to control the transmission and the phase shift of the input light. Therefore, polarization and transmission properties of the output light can be manipulated through proper structural design [i.e., duty cycle , parameters d 1 , d 2 , and d in Fig. 1(b) ] and material selection (the refractive index of metal and substrate n m and n s ). As expected, circular polarization can be produced when two linearly polarized modes are excited with equal amplitude and =2 phase difference by varying the width of boxes along corresponding orientations.
Meanwhile, what we want is not only the desired polarization transformation but the maximum transmission as well (i.e., less transmission corresponds to higher insertion loss and is generally not useful). Thus, we have to carefully choose the material and optimize the structural parameters of the nanoboxes. In particular, we use SiO 2 as the substrate material and compare characteristics of proposed nanostructures based on four popular metamaterials, i.e., Ag, Au, Al, and Cu.
Simulation Results and Discussion
Our simulation is based on the FDTD method. The wavelength of the input plane wave is set to 550 nm (a widely used wavelength region for SPP applications), and the nanoboxes array size is set to be 1:2 m Â 1:2 m with an array period of 120 nm. The height of the substrate is not a crucial factor of the structure [27] . The goal of our simulation is to compare the transmission performance of different materials with the linear to circular polarization transfer functionality. The incident azimuth angle has to be varied as well to find the optimized parameter. To handle dispersive properties of different metals in the FDTD method, we choose the real and imaginary part of the refractive index in the corresponding wavelength range (i.e., $550 nm) from the material database [28] . The spatial and temporal step size in the FDTD simulation is set to be 0.25 nm and 0.0110146 fs, respectively.
During enormous cycles of computer simulations, we find out that the transmission in the x -axis always stays at a high value if the duty cycle of the gratings along the x -axis is large enough, while the transmission in the y -axis decreases from a high value to zero when the duty cycle along the y -axis changes from 0 to 100%. A similar trend exists for the conjugate case (i.e., vary the duty cycle along x -axis while fix the one along y -axis). This can be explained by what happens in the 2-D case (one dimension with zero duty cycle) and the symmetric behavior of the 3-D structure since we can vary the azimuth angle (i.e., exchange the x -and y -polarization components). Therefore, to simplify the procedure, we fix the duty cycle along the x -axis (i.e., d 1 ¼ 108 nm, ¼ 90%) and only vary the one along the y -axis.
Moreover, the phase variation of the light is determined by the duty cycle and the incident angle, as well as the height of the metallic nanoboxes array. To achieve the circular polarization output that corresponds to 90 phase difference between two polarization components, we have to optimize these parameters individually for different metallic nanoboxes. Table 1 summarizes the transmission properties of four materials with optimized parameters (i.e., the duty cycle along the y -axis, the height of the metallic array, and the incident azimuth angle). The maximum achievable transmission ratio (with the quarter-wave plate functionality) of Ag, Au, Al, and Cu is 3.98%, 16.3%, 39.62% and 2.7%, respectively. Apparently, from these Bfigures of merit,[ Al exhibits the superior performance than the other three to construct SPP nanoscale polarization devices around 550-nm wavelength region.
We investigate the variations of amplitude ratio (i.e., jE y j=jE x j) and the phase difference Á between x -and y -component (or s-and p-polarization) as we vary the duty cycle in the y -axis, as shown in Fig. 2 . Specifically, circular polarization is achieved when jE y j=jE x j ¼ 1 and Á ¼ 90 . In Fig. 2(a) , it can be seen that the circular polarization may be available (i.e., jE y j=jE x j ¼ 1) with the duty cycle ¼ 16:7, 20, 55, and 30 for Ag, Au, Al, and Cu, respectively. Here, the specified incident angles and the height of the metal array are chosen according to Table 1 . Fig. 2(b) illustrates the phase difference as a function of the duty cycle, where $ 90 phase differences can be obtained for the same duty cycles.
Furthermore, to illustrate the SPP propagation characteristics inside the nanostructure, we plot the electric field distributions for all the surfaces with the optimized design parameters. Figs. 3-6 are the respective electric field distributions for Ag, Au, Al, and Cu-based structures. Both polarization components along the x -direction and the y -direction can be transmitted. However, the electric field intensity distributions are different for specified metallic nanostructures in the incident surface (i.e., reflected light in x -y surface), which can be identified from Figs. 3(a)-6(a) . Some periodic patterns do exist and are defined by nanobox structures. In addition, the distributions of the transmitted light , indicating the equal contribution (i.e., same amplitudes) of the x -and y -components. It can be confirmed that the output electric field intensity of the Al structure is much larger than that of other materials (note that the intensity is normalized to 1.0 with the Al-case set to be the maximum). Periodic transmission behaviors are further illustrated through plots in the y -z or x -z surface. Again, strong propagating patterns exist for the Al-based nanostructure.
From these plots of field distributions, we know that it would be helpful to illustrate or prove results from different perspectives: direct computation (see Table 1 ), curve analysis (see Fig. 2 ), and more straightforwardly, field distributions (see . All these results demonstrate that Al-material is preferred for nanostructure polarization applications around the wavelength of 550 nm.
In addition, we would like to point out certain limits of the proposed SPP nanostructure (actually most of SPP structures): i) The functionalities are mainly achieved around a narrow wavelength range (as shown in Fig. 7(a) , the phase shift through Al-material varies about 35 as the wavelength changes from 500 to 600 nm, where structural parameters are optimized for the wavelength of 550 nm, as listed in Table 1 ), a broader operation wavelength range is desirable; ii) higher transmission (preferably close to microoptics-based devices) is another Bfigure merit[ that is worth pursuing (Fig. 7(b) shows the transmission variations through Al-material for the wavelength range between 500 nm and 600 nm with parameters same to Fig. 7(a) . Note that the transmission is close to a maximum value of 0.5 around 620 nm and then decreases in our simulation).
Conclusion
In summary, we have proposed an SPP structure with metallic nanoboxes array deposited on the SiO 2 substrate. Such a nanostructure has been proven to possess the ability to control polarization transformation by adjusting corresponding parameters of nanoboxes. Four kinds of metal materials have been chosen to construct the nanoboxes with different characteristics, especially the transmission with the quarter-wave plate function. Simulation results showed that the maximum transmission was obtained in the Al-based structure by accurately defining the duty cycle, incident angle, and the height of the nanoboxes. Therefore, Al may be more suitable to construct polarization devices than other metal materials (Ag, Au, and Cu in our study) around 550 nm. In addition, our proposed structure can find different applications in radar and communication systems that require polarization transformation between the input and output signals.
